In this work, we demonstrate color-stable, ITO-free white organic light-emitting diodes (WOLEDs) with enhanced efficiencies by combining the high-conductivity conducting polymer PEDOT:PSS as transparent electrode and a nanoparticle-based scattering layer (NPSL) as the effective optical out-coupling layer. In addition to efficiency enhancement, the NPSL is also beneficial to the stabilization of electroluminescent spectra/colors over viewing angles. Both the PEDOT:PSS and the NPSL can be fabricated by simple, low-temperature solution processing. The integration of both solution-processable transparent electrodes and light extraction structures into OLEDs is particularly attractive for applications since they simultaneously provide manufacturing, cost and efficiency advantages.
Introduction
Organic light emitting diodes (OLEDs) are typically realized with a transparent indium tin oxide (ITO) anode, which is brittle, expensive, thus limiting the low-cost manufacturing and mechanical flexibility of OLEDs. ITO electrodes generally require a high-temperature processing for crystallization of films, which also limits the use of flexible substrates. Furthermore, the energy level mismatch between the work function of ITO and the highest occupied molecular orbital (HOMO) of typical organic hole transport layers often hinders hole injection and formation of ohmic contacts. [1] [2] [3] [4] [5] Accordingly, alternative transparent electrodes for the replacement of ITO, such as carbon nanotubes, [6] graphene, [7] thin metals, [8, 9] metal grids, [10] metal nanowires [11] and conducting polymers [12] [13] [14] have been widely investigated.
Among them, the conducting polymer poly (3,4-ethylenedioxythiophene) :poly(styrenesulfonate) (PEDOT:PSS) has attracted particular attention due to its excellent mechanical flexibility, chemical stability, good transmittance and conductivity, and low cost. [15] Various methods to improve the performance of PEDOT:PSS (particularly the conductivity) have been recently reported and these electrodes have been successfully used as transparent electrodes for OLEDs [16, 17] as well as organic solar cells. [18] Similar to other solid-state lighting sources, typical OLEDs also suffer from a poor extraction efficiency of internally generated photons, resulting from a large mismatch of the refractive index between organic layers (n~1.7-1.9), ITO (n~1.8-2.0), glass (n~1.5), and air (n~1.0). The total internal reflection at the interfaces of devices strongly traps photons inside the device, which significantly limits the external quantum efficiency (EQE) of OLEDs. It is known that ~70-80% of the generated photons are trapped in conventional OLED structures due to total internal reflection or coupling to localized surface plasmon polaritons (SPPs) at the metallic surface, [19] [20] [21] while internal quantum efficiencies of fully phosphorescent [22] and triplet-harvesting [29] [30] [31] . The strong light scattering effect prevents total internal reflection at internal interfaces, enabling extraction of more photons from devices. Such NPSLs can be readily prepared by mixing nanoparticles with polymer hosts and be coated by solution casting, which results in possessing cost and manufacturing advantages. In addition to enhancing optical out-coupling efficiencies of OLEDs, one also generally finds that the color stability of OLEDs over viewing angles is improved when NPSLs are incorporated, an effect we have attributed to re-mixing of emission over angles. [29] [30] [31] Here, by combining the high-conductivity polymer PEDOT:PSS as the transparent electrode and NPSLs as an effective optical out-coupling layer, we demonstrate color-stable, ITO-free white OLEDs (WOLEDs) with enhanced efficiency. Both the PEDOT:PSS and the NPSL can be fabricated by a simple, low-temperature solution processing method, making such structures and methods particularly attractive for applications.
Methods

Preparation and characterization of PEDOT:PSS electrodes
Thin films of high-conductivity PEDOT:PSS were prepared by spin-coating from a mixture solution of the aqueous PEDOT:PSS solution (Clevios PH1000, Heraeus) and 6 vol.% ethylene glycol (EG). Adding the co-solvent EG into the PEDOT:PSS has been reported to substantially increase the conductivity of PEDOT:PSS. [18] Spin-coated PEDOT:PSS films were subsequently annealed on a hot plate at 120 °C for 15 minutes under ambient conditions. The sheet resistance of the films was measured by the Van der Pauw method. The thicknesses of the PEDOT:PSS electrodes were measured by a surface profilometer (Veeco Dektak 150). The transmittance of PEDOT:PSS thin films was measured using a spectrophotometer (Shimadzu MPC 3100). The PEDOT:PSS films were laterally structured by laser ablation with a Nd:YAG laser (ACI Laser) for the use as bottom electrodes in OLEDs. collection angle). The total transmittance (T total ), representing both scattered or non-scattered photons, was measured by using a monochromatic light beam incident normal on sample and then using an integrating sphere to collect transmitted light over all angles. The diffuse transmittance (T diffuse ), representing photons scattered into all but the incident directions, could then be calculated as T diffuse =T total -T specular . The haze, which is defined as the ratio of the diffusively transmitted light over the total transmitted light, was then calculated as haze=T diffuse /T total .
Preparation and characterization of NPSL
Fabrication and characterization of OLEDs
Four types of WOLEDs are investigated in this study, including an reference ITO-based device (ITO device), a reference PEDOT:PSS-based device (PEDOT device), a PEDOT device with an external NPSL, and a PEDOT device with an internal NPSL (see Figure 1 ). All devices were fabricated by thermal evaporation in a vacuum chamber (K. J. Lesker) with a base pressure of <10 -7 mbar. These devices were encapsulated using an additional cover glass and epoxy resin in nitrogen atmosphere and were measured under ambient conditions. The WOLED stack ( [17] Figure 3 shows the specular transmittance (T specular ) spectrum of the high-conductivity PEDOT:PSS, compared to that of a conventional ITO electrode (also 90 nm thick). It shows that the high-conductivity PEDOT:PSS electrode exhibits a transmittance (e.g., 88% at 520 nm) similar to or even higher than that of ITO throughout the visible range (400-700 nm).
Characteristics of NPSL
Rather smooth and uniform NPSL films were obtained by the methods described in the previous section. More details on characterization and properties of the NPSL indeed had been discussed in our previous reports [29] [30] [31] . The thickness of the NPSL film was ~2 µm. The spectra of T specular and T total for the NPSL film are shown in Figure 4 . In Figure 4 , one sees that the NPSL exhibits a low T specular over most of the visible region and yet a high T total of 40-70%, corresponding to a high haze of 95-50%
(haze is defined in sect. 2.2) and indicating effective light scattering induced by the NPSL over the entire visible wavelength range. In consideration of the high transparency and low haze (<3%) of the pure host film and the large difference in refractive indices of the host material (1.52 at 520 nm) and TiO 2 (2.2 at 520 nm), these results indicate that the strong optical scattering of the NPSL mainly originates from added nanoparticles. The average RMS surface roughness of the NPSL (as determined by AFM) was around 3.6 nm, which is in the acceptable range for subsequent device integration. The NPSL had a sufficiently strong adhesion to the substrate surface and could endure subsequent device processing steps, such as the coating of the PEDOT:PSS layers and deposition of other OLED layers on top of it. Figure 5 shows J-V-L characteristics (5a), external quantum efficiency (EQE) (5b), and power efficiency (PE) (5c) for all devices: the ITO device, the PEDOT device, the PEDOT device with an external NPSL, and the PEDOT device with an internal NPSL.
Characteristics of WOLEDs
Electroluminescent characteristics of these OLEDs are also summarized in Table 1 .
The PEDOT device exhibits an EQE (~13% at 1000 cd/m coating the NPSL to the outside of the device (i.e., the PEDOT device with external NPSL), the external quantum efficiency was only slightly enhanced by a factor less than 1.1. This indicates that the internal NPSL is substantially more effective in light extraction than the external NPSL, presumably because an internal NPSL can affect both the organic and substrate modes of the device while the external NPSL can only access the latter. Although the efficiency enhancement achieved here is modest, the current work successfully demonstrates integration of both solution-processable transparent electrodes and light extraction structures into OLEDs. The combination of these two concepts may simultaneously provide manufacturing, cost and efficiency advantages. In the future, by optimizing the OLED structure and the NPSL, larger enhancement may be expected. Figure 6 shows the EL spectra with respect to the viewing angle for all four devices. In both the ITO device (Figure 6a ) and the PEDOT device (Figure 6b) , one observes that EL spectra (and thus the color) vary significantly with viewing angles. This is also seen as a substantial variation of the CIE x,y (Comission Internationle de l'Eclairage) coordinates of these two devices with viewing angle. As illustrated in Figure 7a and Figure 7b , for both devices, the shift of CIE x and CIE y coordinates with viewing angle is larger than 0.02 ( Table 1) . By contrast, incorporating the NPSL into the device (either externally or internally) strongly reduce the change of the EL spectra (and thus the color) with viewing angle (PEDOT device with external NPSL, Figure 6c and the PEDOT device with internal NPSL, Figure 6d) . Correspondingly, the shifts of CIE x and CIE y coordinates over viewing angles are significantly suppressed (<0.003, Figure 7c, Figure 7d , Table 1 ). These results indicate that in addition to enhancing the optical out-coupling efficiency of OLEDs, the NPSL is also beneficial for the stabilization of EL spectra/colors over viewing angles.
In addition to the emission properties of the emitting materials themselves, the EL spectra/colors and their viewing-angle dependence in typical OLED structures in general is also strongly associated with the optical microcavity/interference effects (and thus the optical structures and optical properties of material layers) in the devices.
As an instance, since ITO and PEDOT anodes possess very different refractive indices (n~1.9 for ITO, n~1.48 for PEDOT), the ITO device and the PEDOT device show different EL spectra/colors even they have same organic layer stacks. With NPSL films incorporated, on one hand, optical scattering could induce re-mixing/averaging of emission of different angles. On the other hand, optical scattering by the NPSL would also strongly perturb the phases and propagation directions of the lightwaves, and thus also the microcavity and interference effects in OLEDs. These perhaps together contribute to the significant improvements in color stability over viewing angles.
Conclusions
In summary, by combining the high-conductivity polymer PEDOT:PSS as the transparent electrode with nanoparticle-based scattering layers, we demonstrated color-stable, ITO-free white OLEDs (WOLEDs) with enhanced out-coupling efficiencies. In addition to the efficiency enhancement, the NPSL also stabilizes the EL spectra and emission color over viewing angles. Both the PEDOT:PSS and the NPSL can be fabricated by simple, low-temperature solution processes. Integration of both solution-processable transparent electrodes and light extraction structures for
OLEDs is particularly attractive for applications since they may simultaneously provide manufacturing, cost and efficiency advantages.
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